Introduction
In the introduction to a recent paper by the writer (5) , -the phenomenon of the polar transport of auxin in plants was briefly discussed. It was indicated there that the electrical theory of the polar transport of auxin was one of the most widely accepted ones. This theory states that the inherent electrical polarity of plants is the cause of the longitudinal polar transport of the negative ion of auxin, the plant-growth hormone, to an inherent positive pole in the plant.
It was concluded (5) that an electrical polarity exists in seedlings. Apices are electronegative to basal regions in seedlings of Impatiens, Avena, Zea, Pisum, and Vicia. In Avena, this polarity exists internally as well as on the surface of the cuticle. It is thus seen that the electrical polarity found in seedlings conforms with that demanded by the electrical theory of the polar transport of auxin.
Cut sections of these seedlings exhibited the same electrical polarity as intact plants, i.e., electronegativity of the morphological apical cut surface.
But it was also shown that this section-polarity could be inverted by gravity;
and Clark (4) showed that the electrical polarity of the Avena coleoptile could be altered or inverted by light. Thus the electrical theory of polar transport is directly contradicted by the fact that neither light nor gravity affect the longitudinal transport of auxin (See "Discussion" and 5).
The present article is concerned with experiments in which attempts were made to link polar transport and electrical polarity. Auxin transport and electrical polarity were measured at the same time, and then the electrical polarity was altered by applied potentials and by gravity to see if there were any parallel changes in polar transport.
Experimentation EFFECT OF APPLIED P.D. 'S ON AUXIN DIFFUSION IN AGAR
In accordance with an electrical theory of transport of the plant-growth hormones, it was of primary importance first to demonstrate whether or not the hormone is electrically transported in vitro.
DOLK (6) attempted to demonstrate such an in vitro transport of auxin PLANT PIIYSIOLOGY were interposed between platinum electrodes, and a P.D. of from 2 to 10 volts (v.) applied across them of one hour. At 10 v., a strong electroosmosis of water occurred, causing one block to take up water and swell, and causing, the other block to lose water and shrink. DOLK stated that such electroosmosis would distort the results (the water current would carry the auxin to the negative pole). He also said that electrolytic destruction of auxin would probably occur at the electrodes. At 2 v., no appreciable electroosmosis occurred, but the auxin concentration in the two blocks remained the same, as tested by the standard Avena test (see text below). At The writer has reinvestigated the problem of electrical transport of auxin. Synthetic heteroauxin (indole-3-acetic acid) prepared in the Gates chemistry laboratories was used. Since this substance is a weak acid, it dissociates into a large anion and a hydrogen ion. The anion should be transported in an electric field to the anode. That heteroauxin conducts a current can be determined by actual conductance measurements.
In order to demonstrate that the heteroauxin used in the experiments about to be described actually conducts a current, conductance measurements were made so that the transport number and absolute mobility under unit potential gradient could be ascertained. The sodium salt of indole-3-acetic acid was prepared by accurately neutralizing the acid and recrystallizing from absolute alcohol. ( showed white discoloration which, on microscopic examination, proved to be due to minute gas bubbles, presumably of oxygen. When 100 auxin was used, and 600 mv. applied, complete destruction occurred.
The above experiments show clearly that when no electroosmosis or electrolytic destruction occurred, the applied P.D. had no effect on the transport of auxin in agar. Evidently higher voltages are necessary to effect a measurable change in transport. But at higher voltages, destruction by electrolysis occurs. Therefore it is easy to understand why DOLK obtained negative results.
Transport experiments in agar were then conducted, in which much higher voltages were used. Automatic siphons were used to wash away the products of electrolysis at the electrodes so that no auxin destruction might occur. Zinc electrodes were used, and the solutions at the electrodes were separated from the agar blocks by agar-gelatin seals. A 250 auxin solution was used to wash the top electrode. Analysis of the four blocks used in the experiment is given in table II. The control shows that transport by diffusion was much less than electrolytic transport. This P.D. represented approximately a 50-volt-per-centimeter gradient, and definitely causes auxin to be electrolytically transported to the positive pole. The results are not qualitatively distorted by electroosmotic-flow, since water travels to the negative pole in agar and would only tend to decrease the amount of auxin carried by electrolysis to the positive pole.2 ELECTRICAL POLARITY AND POLAR TRANSPORT IN AVENA COLEOPTILE It has been demonstrated that sections of coleoptiles exhibit an electrical polarity which is in the direction expected by WENT'S theory of electrical transport (cf., 5), i.e., the morphological apices are electronegative to the bases, and the negatively charged ion of the acid, auxin, could, then, theoretically be electrically transported polarly from tip to base. The following section is concerned with experiments attempting to directly demonstrate that polarity of auxin transport varies in the same way that electrical polarity varies when it is altered.
TRANSPORT TECHNIQUE
The transport experiments were performed as described by VAN DER WEIJ (25) , except that no holders were used to support the coleoptile sections, as this causes auxin leakage through water films in the holder. The seedlings were grown in sand from hulled seeds of Avena sativa (Victory oats) of a pure line stock (also used in the Avena tests). Germination, growth, transport experiments, and tests were all carried out in the experimental dark room at a relative humidity of 90 per cent., at 240 C., and in orange light not causing phototropism. The lengths of the sections used were in all cases 3 mm. They were cut from the subapical zones of coleoptiles 3 to 4 cm. in length, one to two sections per coleoptile. The section-cutters were made of two parallel razor blades separated by a brass strip. The sections were then placed in an upright position on wet filter paper by means of eye-forceps. This washes out enzymes which destroy auxin (18) . After an hour of such "washing," the sections were removed, and excess moisture carefully removed from the sections with filter paper. Twenty sections were each then placed upright on the 11 x 8 x 1-mm. agar blocks (tap-water agar) and another block containing the auxin placed on top of the sections. The sections were handled with fine eye-forceps. Agar blocks can be made to contain auxin in any desired concentration by soaking them in auxin solutions of known concentration for about an hour. The 2 That water is carried to the negative pole was easily demonstrated by applying a P.D. of 1 or 2 v. across an agar thread 20 x 1 mm. The thread immediately swelled at the negative pole, and shrunk at the positive pole. Therefore, in the above experiment, auxin traveled to the positive pole despite any flow of water in the opposite direction. transport time was usually one to two hours, depending upon the concentration of auxin in the top block. After this time, the two blocks were removed, cut into 12 smaller blocks, and tested on Avena. The difference between the shunted and the control experiments, -9 per cent., is well within the experimental error.
In five similar experiments the differences in percentage of curvature (expressed as the above result, -9 per cent.) were 12, 9, -7, -5, and -2 per cent., with an average of 1.4 per cent., which is within the experimental error.
The results of the experiments showed that shunting the P.D. between the two ends of a section has no effect on the auxin transport. It is realized that such a shunt is probably very ineffective in reducing the individual P.D. 's probably maintained across each cell. The electrical resistance of the coleoptile section is very high (105 ohms for 20 3-mm. sections in parallel), and the P.D. between the two ends is relatively very minute (a few millivolts). Hence any current dissipated by metallic shunts between the two cut ends would be extremely small, and the individual cell P.D. 's would be relatively unaffected. If the resistance of the tissue had been quite small, and there were relatively few cells between the electrodes, the situation might have been quite different (8) . In the work of FRANCIS (8) the P.D. across a frog's skin was shunted through a total resistance of 1500 ohms, and the current-flow was measured. If the external resistance had been lower, the transport of ions across the skin might conceivably have been altered. APPLIED P.D.'S AND TRANSPORT IN COLEOPTILE SECTIONS K6GL (13, 14) claimed to have found an effect of applied potentials on longitudinal transport in Avena coleoptiles, produced by placing agar blocks containing auxin on one side of decapitated coleoptiles and applying a P.D. between this block and the base of the plant. The curvatures resulting were increased when the tip was made the cathode, and decreased over the controls when it was made the anode. The auxin anion was presumably transported in the plant toward the anode, and prevented from being transported downward when the base was made the cathode. P.D. 's of 0.2 to 1.4 v., and currents of 0.4 to 2.8 microamp. were used. Later, however, KdGL, HAAGEN-SMIT, and VAN HULSSEN (16), stated that the applied currents merely caused the auxin to be transported more rapidly from the agar into the plant, and that the effect was not on the longitudinal transport in the plant.
The effect of electric fields on growth of plants has been reviewed by WENT (27) , RAMSHORN (20) , and STERN (24) . Even if some of the results could have been explained by the effects of electric currents on the transport of auxin in the plants, the results are conflicting, to the extent that no agreement has been reached that direct currents of one polarity affect growth in a definite way. 3 Since it had not yet been shown that auxin will be longitudinally transported in plants under the influence of an electric current, it was important to obtain experimental evidence to this effect.
Transport experiments, such as described in the previous section, were performed while a P.D. was applied between the two blocks in such a way that the electrical current would theoretically augment transport in one case, and inhibit it in the other. Ag: AgCl electrodes were applied directly to the agar blocks, and P.D.'s of 25 to 750 mv. applied for 1 to 2 hours. The electrodes were the same size as the agar blocks, and were replated before every experiment. In a typical experiment heteroauxin concentration was 400 in the top block at the start. After one hour transport time, the top blocks were diluted 3X for analysis. The results of this experiment are seen in table IV. Since no results were obtained in the above experiments, it was thought that perhaps the potential gradients-were not steep enough. The absolute mobility of the heteroauxin anion is 10.5 mm. per hour at 1 v. per centimeter. We should, therefore, expect 300 mv. per 3 mm., which is nearly 1 v. per centimeter, to suffice, regardless of the fact that the conducting path in the experiments just described is not exactly like the standard cube usually referred to when the term, "absolute mobility," is used. It was found, however, in the experiments using Ag, AgCl electrodes, that a potential difference of more than 300 mv. caused destruction of auxin. It must be remembered that hydrogen ions, and ions of other salts to be found in agar and tap water, wiH carry the current, the auxin carrying only 7 per cent. of the current. Hence it would be necessary to apply larger currents for longer periods of time, especially when high resistances are encountered (e.g., 50 v. per cm. were necessary in the case of agar).
Since electrolytic destruction of auxin occurred when P.D.'s above 300 my. were used, recourse to flowing electrodes was taken. The same type of siphon-flow electrode vessels were used as were described in the section on transport in agar, except that the apparatus was made so that the electrode vessel and top-agar block could be racked down to the top of the sections placed on the bottom block, by means of a set-screw mechanism. This dispensed with clumsy manipulation and the danger of upsetting the sections, or of injuring them by loading them down with excess weight. The fluid used for washing the top electrode was 0.1 N KCl with auxin, and for washing the bottom electrode 0.1 N KCl without auxin. Current was passed so as to theoretically augment transport in one case, and to decrease it in the other (opposite polarity). No difference was found, however, in the amounts of auxin transported, even when P.D.'s of 3 v., and a current of 0.04 ma. was used. The sections, after current treatment, were "washed" in an upright position on wet filter paper, and tested in further transport experiments to see if there were any after-effects of the current treatment, but none were observed. It was not easy to wash out the auxin remaining in the sections left there by the first treatment, so that any after-effects occurring might be masked by contamination. Hence sections were current-treated in the apparatus without auxin application, and then immediately tested in transport experiments for any changes in their ability to transport normally. A description of part of the set-up of a typical experiment to determine the after-effect of applied P.D. on transport follows. Forty 3-mm. sections from subapical zones of coleoptiles were used for each experiment, i.e., for each polarity of the applied P.D., and for the control. Each The results of the average of four experiments like the preceding are given in table VII as the percentage of the total amount of auxin in top and bottom present in the bottom blocks. These results signify no effect of the current on transport in the sections. Higher currents, i.e., above 1 ma., caused the sections to become flaccid, and hence could not be used in any of the transport experiments, as was found necessary in the case of agar. Several such experiments were performed, and the following was a typical setup. Three-mm. sections were cut and washed in an upright position for 1 hr. on wet filter paper. Twenty such sections were placed on tap-water agar blocks in a moist chamber, electrical contact being made to the block with a strip of 0.1 N KCI agar which led through paraffined glass tubes outside the moist chamber to a cup filled with 0.1 N KCI in which the Zn: ZnSO4 electrode could be placed. The top agar block containing auxin had a similar KCl-agar strip leading to another cup and electrode outside the chamber. The control transport experiment had KCl-agar strips of the same size contacting the top and bottom blocks. The inherent P.D.'s of such a setup were measured with the string electrometer, as well as the applied P.D.'s. The current was measured with a microammeter. It was found that the electrodes did not polarize with the currents used, so that the same electrodes used for applying the P.D.'s could be used for measuring the change in inherent P.D.'s of the sections. In such a transport experiment, it is seen that the P.D.'s of 20 sections in parallel are measured, thus the average. P.D. 's were measured and applied, cut off after a time, and the inherent P.D.'s immediately measured. About 2 seconds elapsed between two such readings, but it was observed that the inherent P.D. 's maintained their levels several seconds after current treatment of a minute or so. In other words, depolarization was not so rapid that the effect of the applied P.D.'s on the inherent P.D.'s could not be accurately determined with the shortperiod string electrometer.
The transport time was 90 minutes; the applied P.D., 3 v.; and the current-flow, 10 microamp. Before the P.D. was applied, the inherent P.D.'s were: Cathode at the top (current flow theoretically augmenting transport), apex 2 mv. negative to the base; anode at the top (current theoretically inhibiting transport), apex 4 mv. negative to the base. Hence the same polarity existed as was found in an earlier part of this paper. 5 minutes after the current was turned on, the inherent P.D. was measured, after briefly cutting off the applied current. Every 5 minutes thereafter during the course of the experiment, the inherent P.D. was measured and recorded, and found to be the same throughout, namely: Cathode at the top (applied polarity same as inherent), apex 43 mv. negative to base; anode at the top (applied polarity opposite inherent polarity), 55 mv. positive to base. The blocks were analyzed for their auxin content at the end of the 90 minutes. The results obtained are given in tables VIII and IX. Five experiments like the preceding gave the same result, namely, that inverting or increasing the inherent electrical polarity had no effect on the polar transport.
GEOELECTRICAL POLARITY AND POLAR TRANSPORT OF AUXIN
WENT (26), VAN DER WEIJ (25) , and PFAELTZER (19) have clearly demonstrated that gravity has no effect on the polar transport of auxin in Avena coleoptile sections. It has been shown in a recent paper by the writer (5) that inverting sections inverts their electrical polarity for a time. Should it be shown that this inverted polarity, during the time that it exists, has no effect on polar transport, the evidence would be stronger against the thesis of electrical transport. To this end, transport experiments were performed, in which sections were inverted, and the inherent electrical polarity and transport of auxin were measured. Figure 1 gives the results of such an experiment. The setup of this experiment was as follows:
Sections were cut and divided into two lots. One lot was placed on wet filter paper in an upright position; the other lot was placed in an inverted position. After 1 hour, 20 sections from each lot were removed and a 90-minute transport experiment run on each lot, the sections remaining in the position in which they had been placed on the filter paper. One auxin agar block was placed on the inverted apices of the inverted lot, and another on the upright apices of the upright lot. During the transport, the P.D. between each block of the two transport experiments was measured several times during the experiment. The curves in figure 1 represent the change in these P.D. 's with time. At the end of two hours, two more lots were removed from the wet filter paper and the process repeated, as was also done for two more lots left standing 4 hours after sectioning. In this way, the effect of gravity could be followed over a period of several hours. Figure 1 contains the results for the upright and inverted sections left in those respective positions in transport experiments for 1, 2, and 4 hours, thus including six experiments. The P.D.-time curves of each of the six experiments; and diagrams representing the auxin analyses of the top and bottom blocks, together with the tabulated sums of the top and bottom blocks, and the percentage of this sum in the bottom blocks, are also shown in figure 1. 4 hours, this polarity was already established. It is seen that the sections inverted one hour show the usual inverted electrical polarity, i.e., apical positivity, and that this positivity is maintained throughout the transport experiment; hence if the electrical transport theory were correct, the transport polarity should also be inverted. After two hours of inversion, the inverted sections have regained their normal polarity, a characteristic already discussed in the foregoing pages. After 4 hours, the normal polarity was even more pronounced.
It is seen at once that regardless of the fact that the electrical polarity was inverted, in the case of the sections left inverted one hour, the amount of auxin transported is the same as in the upright section with normal polarity. In all cases in figure 1, the differences (in percentages of the sums of top and bottom blocks found in the bottom blocks) between transport experiments on upright and inverted sections were within the limits of error.
The results reported here clearly demonstrate a close parallelism between the known direction of auxin transport inside the plant and the normally existing electrical polarity described in the writer's recent paper (5) , namely: that the tip of the coleoptile of Avena is electronegative to the base; and the dissociated anion of heteroauxin could be electrolytically polarly transported to the electropositive base. That auxin is polarly transported has also been shown by evidence discussed in the introduction to the writer's recent paper (5) . It was then shown that this electrical polarity could be changed and inverted by means of applied electromotive forces, and by gravity (and also by light, as was shown in an earlier paper, (4)); while the amount and polarity of auxin transport remains the same. These facts were taken to mean that the polarity of auxin transport and electrical polarity are independent of one another.
The works of BRAUNER and BUNNING (3), KoCH (12) , and AMLONG (1) have shown that the lateral transport of auxin in plant organs is probably linked with geo-and photoelectric P.D. 's, or at least have shown a close relationship between the two (5). These P.D.'s were measured in approximately the same way as described above. Moreover, light, gravity, and applied P.D.'s can cause tropisms. Light and gravity induce lateral transport of auxin. Applied P.D. 's may also induce lateral transport, as indicated by electrotropisms, but this is not as yet directly proved.4 Since light, gravity, and applied P.D.'s do not affect longitudinal transport, it is probable that lateral and longitudinal transport are caused by two entirely unrelated sets of factors. It is, then, obvious that the P.D.'s measured and discussed in this paper as comprising the plant's electrical polarity are not the cause of polar auxin 4 BRAUNER and BUNNING (3) reproduced photographs of electrotropisms in Avena. The curvatures are in no way similar to those in photo-or geotropisms, and do not suggest a normal lateral transport of auxin. The applied P.D.'s might induce lateral transport of acid, which would increase the activity of auxin (2) on one side, thus causing the " electrotropism. " AMLONG (1), however, indicated some linkage between auxin and electrotropisms, as decapitated roots of Vicia faba and decapitated seedlings exhibited no electrotropisms. SATUNSKIJ (C. R. Acad. Sci. U.R.S.S.; n.s. 2: 295-298. 1936) presents additional evidence indicating that auxin might be laterally displaced to the induced anode of coleoptiles in an electrostatic field.
